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Abstract: Major water-polluting microplastics (for example, polyethylene, polypropylene and others)
have lower density than water. Therefore, they are concentrated in the neustonic layer near the
water-air interface altogether with dissolved or colloidal natural organic matter, hydrophobic cells
and spores of bacteria. This can cause environmental and public health problems because the floating
micro- and nanoparticles of plastics could be coated with biofilm of hydrophobic and often putative
pathogenic bacteria. Biofilm-coated microplastics are more attractive for consumption by aquatic
animals than pure microplastics, and that increases the negative impacts of microplastics. So, impacts
of even small quantities of microplastics in aquatic environments must be accounted for considering
their accumulation in the micro-layer of water-air interphase and its interaction with bacterioneuston.
Microorganisms attached to the surface of microplastic particles could interact with them, use them as
substrates for growth, to change properties and biodegrade. The study of microbial life on the surface
of microplastic particles is one of the key topics to understanding their role in the environment.

Keywords: microplastic; microorganisms; pathogens; biofilm; bacterioneuston

1. Introduction

Plastic pollution has become one of the most widespread recalcitrant environmental
contaminants. In 2019 annual plastic production was 368 million tons, and it is expected
that its production will increase up to 33 billion tons by 2050 [1,2]. It is estimated that 76%
of total plastics produced are landfilled or spread in the natural environment [3]. The total
quantity of waste plastics in the marine environment per year is approximately 8 million
tons [4] and according to Bowley with co-authors [5] the number of plastic pieces in the
ocean was between 15 and 51 trillion. Small sized particles of plastic wastes (microplastics,
nanoplastics) are considered as a group of environmental pollutants with significant ad-
verse impacts on the environment. The term “microplastics” first appeared in a study of
small plastic particles in 2004 [6]. The definition by Frias and Nash [7] covers major aspects
that could potentially describe what a microplastics are: “Microplastics are any synthetic
solid particle or polymeric matrix, with regular or irregular shape and with size ranging
from 1 µm to 5 mm, of either primary or secondary manufacturing origin, which are insol-
uble in water”. Another classification approach of small-sized particles in the environment
is based on the categorization by the size of particles as macroplastics (>2 cm), mesoplastics
(5 mm—2 cm), microplastics (<5 mm), and nanoplastics (<1 µm) [8]. Small-sized plastic
particles can be further classified as primary microplastics (plastics directly released into
the environment in the form of small particulates) and secondary microplastics (plastics
originating from the degradation of larger plastic items into smaller plastic fragments
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during mechanical, chemical and biological degradation in the environment) [9]. The
source of environmental pollution with small plastic particles is non-sustainable use of
plastics—discarding of plastic wastes in the environment and relatively lean implementa-
tion of recycling and use of biodegradable plastics [10] as well as high stability of several
types of plastics, especially hydrocarbon and halogen atoms containing plastics [11]. It was
reported that the quantity of microplastic particles in marine aquatic systems can reach
140 particles/m3 and 8766 particles/m3 in water and sediment, respectively [12]. A lot
of microplastics are produced due to physical disintegration and chemical or biological
destruction of plastic materials, arising mainly from plastic tableware, single-use beverage
bottles and cosmetics which disintegrate into fibers and microspheres that enter the environ-
ment through discarding on land or water. The main polymer constituents of microplastics
found in waters have been identified as polyethylene, polypropylene, polystyrene, and
polyethylene terephthalate, accounting for 70% of the total, but polyvinylchloride, poly-
acrylonitrile, rubber, different copolymers are also common [13], however significant
differences exist between studied environments (inland and marine waters, soils, sedi-
ments and others) as well as different world regions [14]. MPs are constantly present in
fresh and marine water systems. A lot of microplastics debris were found even in oceanic
surface waters of the Antarctic Peninsula [15]. It is considered that microplastics have
become a main source of anthropogenic pollution of the oceans [5] and MPs concentration
in highly contaminated rivers could be up to 100 mg/L. It is evident that the quantity of
microplastics will increase over the next decade, so the fate and biological impact on the
environment of this contaminant are in focus of scientific research. Microplastics have been
found also in freshwater [16], drinking water [17], soil [18] as well as in food articles [19].
It has been demonstrated that there are adverse impacts of microplastics on aquatic and
soil living organisms due to impaired reproduction, malnutrition, internal abrasions, and
blockages [20–22], and also adverse human health impacts have been identified [23–25].
Considering their high surface area and hydrophobicity of their surfaces, microplastics
can act as sorbents for other environmental pollutants, persistent organic pollutants [26],
hydrocarbons [27], pharmaceuticals [28] and other pollutants [29]. Desorption of pollutants,
if the particles enter the living body, is one of the microplastic toxicity mechanisms [22].
Sorption of pollutants onto microplastic particles influences polymer, additives to it, par-
ticle size and surface area, as well as ageing and supporting development of functional
groups [30]. Another major group of factors affecting microplastics—pollutant interaction
are the properties of corresponding environments and, in this respect, of key importance
are the presence of natural organic matter (NOM) and their refractory part—humic sub-
stances. As the concentrations of NOM in aquatic environments are by order higher than
those of microplastics, it can be expected that they play a major role at the interaction
with pollutants (Figure 1) as well as support the development of microbial coverage on
the surface of particles of microplastics. Recently, the attention of researchers has been
directed towards the study of nanoplastics which are produced during degradation of
microplastic [31].

Microbial life on the surface of microplastic particles is one of the key topics to under-
standing their role in the environment. Microplastics serve as habitats for microorganisms
including pathogenic ones, places for biofilms formation, and means for microbes’ trans-
portation in new areas. Microorganisms developed on microplastics can cause an impact on
the environment and human health. Microorganisms attached to the surface of microplastic
particles could interact with them, be used as substrates for growth, change properties and
biodegrade. However, as it was indicated in work [32], while the problems of plastics and
microplastic pollution are widely discussed, the impact of plastic on microbial life remains
poorly understood.

The aim of the article is to review the impacts of microorganisms on the surface of
microplastic particles to understand the role of these interactions in the environment and
the impact on the fate of microplastics.
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2. Bacterial Neuston as a Source of Microorganisms for Interaction with Microplastics

The term neuston was proposed by Swedish hydrobiologist E. Naumann [33] for
determination of the inhabitants of the surface film of a body of small reservoirs with fresh
water. Life of the near-surface layer of the sea remained unexplored for a long time. It
is believed that a number of factors, namely, solar radiation, shortwave ultraviolet light
penetrating the depths of water just a few centimeters, heaving of the sea, unsteady-state
temperature, especially seasonal temperature changes, create impossible living conditions
for marine inhabitants. However, Y. Zaitsev in 1959 discovered this when studying the
distribution of mullet roe in marine neustons in the Black Sea [34–36]: a significant concen-
tration of bacteria in the surface film of different natural bodies of water made it possible
to assert the existence of bacterioneuston [37,38]. So, bacterioneuston is the community of
Bacteria present within the neuston in the thin surface microlayer between the atmosphere
and deeper layers of water in natural water bodies. This surface microlayer is thick and
is considered to be the top 1 mm or less of natural water bodies [35,39], but usually the
thickness of biofilm is from 10 to 100 µm [40]. The concentration of hydrophobic and
surface-active substance and bacterial cells in the bacterial neuston may be some thousand
times higher than in the bulk water. This may be due to the increased concentration of
organic substances because of their poor water solubility, surface activity and hydrophobic
properties in the surface film [41]. It was shown that the sea surface microlayer contains car-
bohydrates, proteins, lipids, and humic substances in relatively high concentrations [42,43].
The minimum concentration of organic components at which reproduction of saprophytes
occurs is in the range from 0.001 to 0.01%. In lake water, their content varies from 1 to
50 mg/L; in the sea from 1 to 5 and can reach 40 mg/L, but in the surface film increases
significantly. The study of the distribution of 14C-glucose, 14C-carbonate and 32P-phosphate
introduced into water showed that after 24 h they concentrated in the surface layer. The
thickness of the biofilm formed depends on the content of organic matter in the water. In
addition, the conditions in the biofilm promote the existence of aerobic or microaerobic
organisms. For example, the concentration of bacteria in the surface film in the Volga
estuary was up to 300 million per ml, which was 100–1000 times higher than in the water
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column. Most often under natural conditions, cells are in a state of starvation, which is
accompanied by an increase of the concentration of bacteria in the film. A correlative
relationship between the degree of oligotrophy of lakes and the number of bacteria in the
surface layer was shown [44]. The main physico-chemical parameter of the cell surface
which determines the interaction of the cell with air-water interface is the hydrophobicity
of the cell surface [45,46]. Bacteria concentration can be increased by the addition of a
source of nutrients with hydrophobic properties in water.

There are a lot of studies on bacterioneuston composition. Surprisingly, it was found
that bacterioneuston in the sea water was characterized with a significantly lower bacterial
diversity than the pelagic seawater, and just two groups of organisms were determined,
Vibrio spp., 68%, and Pseudoalteromonas spp., 21% of clones [47]. Another study showed
the similarity between bacterial compositions of sea bacterioneuston and bacterioplankton
communities with a predominance of representatives of two families Flavobacteriaceae and
Cryomorphaceae [48]. No significant difference between the bacterial compositions of bacte-
rioneuston and underlying waters cell was found in Mediterranean coastal stations with
Proteobacteria as dominated phylum [49] and in communities of neuston in seven sites
located across the northern Yellow Sea and Bohai Sea in China [50]. However, there are
also a lot of studies that indicate the difference in bacterial compositions of neuston and
the subsurface water [51]. Bacterial strains isolated from the surface biofilm were repre-
sented in the genera Bacterium, Chromobacterium, Pseudomonas, Flavobacterium, Caulobacter,
Corynebacterium and the Enterobacteriaceae family [41,51,52]. Analysis of bacterial neuston
compositions in six lakes showed that despite differences in environmental conditions, the
fraction of bacteria was very similar and the class of Gram-negative bacteria Betaproteobac-
teria, the phylum Proteobacteria, was predominant, followed with the phylum of mostly
Gram-positive bacteria Actinobacteria [35]. Significantly higher numbers of Gram-negative
heterotrophic bacteria in the neuston than in the underlying water layers were found in
freshwater lakes [53]. Bacterial composition of bacterial neuston in high mountain lake
in the Pyrenees consisted of Betaproteobacteria and Actinobacteria (>75% of the community
composition), Gammaproteobacteria (between 8% and 12%), Alphaproteobacteria (between 1%
and 5%), and Firmicutes (1%) [54]. So, generally it seems that the bacterial community of
bacterioneuston is similar in most cases to bacteria occurred in the water column, however,
due to different factors such as physico-chemical, specific environmental and meteorologi-
cal conditions the development of bacterial population of neuston could result in change of
its structure.

There are many cases when the biological hazards and water quality of natural aquatic
systems is determined by the biodiversity of the bacterioneuston. At the water—air
interface along with bacterioneuston there is pathobacterioneuston and, moreover, the
concentration of pathogenic bacteria in the surface film may exceed 10–1000 times their
content in the underlying layers of water. A significant number of pathogenic strains were
isolated from the surface film of seawater including Aeromonas hydrophila, Escherichia coli,
Pseudomonas aeruginosa, Salmonella spp., Staphylococcus aureus, Streptococcus faecalis, Klebsiella
pneumonia, Alcaligenes spp., Micrococcus spp., and viruses [36,55–57].

Apparently, bacterial neuston plays a special role in the interaction of microplastics
and microorganisms. Among microplastics floating in the ocean, the largest amounts
belong to polyethylene, 54.5%, and polypropylene, 16.5% from the total quantity of MPs
debris. They have lower density than water, have hydrophobic surfaces, and are present on
the surface of water bodies [58]. Microbial cells of bacterioneuston, including pathogenic
ones which are concentrated at the air-water interface, could attach to microplastic particles
followed by biofilm formation.

3. Microplastics as Substrate for the Microbial Colonization in Marine and
Freshwater Environments

The main kinds of plastic, approximately 75% of total plastic production, are polyethy-
lene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PETE), polyvinyl
chloride (PVC), and polyurethane (PU) [1]. Polyethylene, polystyrene and polypropylene



Appl. Sci. 2021, 11, 11692 5 of 19

particles were identified in the majority of plastic debris found on the surface of North
Sea (UK) [59]. Different kinds of microplastic have their own density, g/cm3: polypropy-
lene and polyethylene (0.91); polystyrene (0.96–1.05); polyurethane (1.13); polyamide
(1.13–1.35); polyethylene terephthalate (1.38), and polyvinyl chloride (1.47). The difference
in plastic density specified its distribution in the water column: plastic with density lower
than density of water, particularly, polypropylene and polyethylene floated on the water
surface, while polystyrene, polyethylene terephthalate, and polyvinyl chloride with a
higher density than water were deposited through the water column [60]. So, presence of
microplastic can be expected in every layer of marine systems. However, the character of
plastic and microplastic distribution in the layers of water can be changed in time due to
its colonization by microorganisms such as bacteria, fungi and algae forming biofilm on
plastic surfaces that cause an increase of microplastic density. For example, it was shown
that the befouling of plastic particles can result in their settling down and, according to
the model based on settling, biofilm growth, ocean depth profiles for light, water density,
temperature, salinity, and viscosity, the authors predict that the larger particles start settling
last, so these particles are present longer at the ocean surface [61].

At present time a number of studies of microbial biofilms covering the microplastics
particles in the marine environment have been conducted. However, almost every study
has its own research design and detected parameters, and it is difficult to compare obtained
data. Microorganisms in seawater are able to rapidly in a few hours attach to a microplastic
particle and colonize its surface [62,63]. It was suggested that the development of a micro-
bial community on microplastics progresses in a certain succession which can be divided
into early, mid and late colonization periods [64]. It was observed that representatives
of Gammaproteobacteria (genera Pseudomonas, Acinetobacter and Alteromonas) dominated in
the microbial community during 0–9 h on acryl samples placed in seawater; meanwhile
the members of Alphaproteobacteria (genera Loktanella, Methylobacterium, and Pelagibacter),
became predominated during 24–36 h of biofilm formation. However, the same succession
was observed for biofilms developed on glass and steel, notwithstanding that bacterial
communities were different in biofilms developed on different substances [65]. The study
of biofilm development on different substances such as polycarbonate and stainless steel
in estuarine water showed that at the beginning the representative form Alphaproteobacte-
ria, mainly the order Rhodobacterales, were abundant members in both stainless steel and
polycarbonate biofilms, but after one week of growth the differences were observed [66].
Members of the Gammaproteobacteria, namely from the genus Oleibacter, dominated up to
59.1% among microbial communities in biofilm during the first day of their formation in
coastal marine on the samples of polyvinyl chloride, but were quickly replaced by the
representatives of Alphaproteobacteria, mainly represented by Rhodobacteraceae, and Flavobac-
teriia [67]. The composition of microbial communities of biofilms attached to polypropylene
and polyvinyl chloride microplastics in seawater varied depending on location and time
of exposure, but bacteria from the Alphaproteobacteria class, mainly Rhodobacteraceae, dom-
inated, followed by the Gammaproteobacteria class [68]. Study of bacterial community
composition of biofilms developed in seawater on the low- and high-density polyethylene,
and polypropylene showed that differences in biofilm composition were stronger after
one week of incubation and were not so dramatically at the latest stages of the biofilm
formation when representatives of families such as Flavobacteriaceae, Rhodobacteraceae, Planc-
tomycetaceae and Phyllobacteriaceae were abundant on all surfaces [69]. Study of microbial
community composition on fragments of polyethylene terephthalate bottles in the North
Sea (UK) provided with denaturing gradient gel electrophoresis and sequencing analy-
sis showed that it comprised of bacteria belonging to Bacteroidetes, Proteobacteria and
Cyanobacteria [70]. Analysis of microbial communities from biofilms on microplastics
(polyethylene, polypropylene, and polystyrene), floating in a bay of the island of Elba in the
Mediterranean Sea showed that plastisphere of all MP particles consisted of representatives
from the orders Flavobacteriales, Rhodobacterales, Cytophagales, Rickettsiales, Alteromonadales,
Chitinophagales, and Oceanospirillales [71]. So, according to data summarized in Table 1, all
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dominated bacteria in microbial communities in biofilms covered microplastic particles
belong to Gram-negative bacteria (Table 1).

Table 1. Dominated microorganisms in biofilms on microplastics found in salinity waters.

Microorganisms
Belonging to Characteristics Type of Plastic,

Location
Time of Biofilm
Development References

Gammaproteobacteria
genera Pseudomonas

Acinetobacter
Alteromonas

Gram-negative

Acryl in seawater

Dominated during 0–9 h of
biofilm formation

[65]

Gram-negative

Gram-negative

Gram-negative

Alphaproteobacteria Gram-negative

Predominated during 24–36
h of biofilm formation

genera Loktanella Gram-negative

Methylobacterium Gram-negative

Pelagibacter Gram-negative

Gammaproteobacteria
namely genus Oleibacter

Gram-negative

Polyvinyl chloride in
coastal marine

Dominated up to 59.1% in
the first hours, but

[67]

Gram-negative

mainly genera
Alphaproteobacteria Gram-negative

were quickly replaced byRhodobacteraceae Gram-negative

Flavobacteriia Gram-negative

Alphaproteobacteria Gram-negative

Polypropylene and polyvinyl
chloride in seawater

Formed biofilm [68]
mainly genus

Rhodobacteraceae Gram-negative

followed by the
Gammaproteobacteria Gram-negative

Flavobacteriaceae Gram-negative

Polyethylene, polypropylene
in seawater

Latest stages of the biofilm
formation

[69]
Rhodobacteraceae Gram-negative

Phyllobacteriaceae Gram-negative

Planctomycetaceae Gram-negative

Bacteroidetes Gram-negative
Polyethylene terephthalate in

the North Sea
Formed biofilm [70]Proteobacteria Gram-negative

Cyanobacteria Gram-negative

Alphaproteobacteria Gram-negative
Polycarbonate in
estuarine water

At the beginning the most
abundant members

[66]mainly the
Rhodobacterales Gram-negative

Flavobacteriales Gram-negative

Polyethylene, polypropylene,
polystyrene in the
Mediterranean Sea

Formed biofilm [71]

Rhodobacterales Gram-negative

Cytophagales Gram-negative

Rickettsiales Gram-negative

Alteromonadales Gram-negative

Chitinophagales Gram-negative

Oceanospirillales Gram-negative

There are only several studies devoted to the compositions of biofilms of microplas-
tic found in freshwater systems [72]. Meanwhile, it was shown that microplastics in
rivers provide attractive niches for microorganisms which can be transported by rivers
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to marine environments and serve a vector of bacterial assemblages [73]. According to
results of Hoellein with coauthors [74] bacterial communities colonizing different sub-
strates (5 × 5 cm pieces of ceramic tile, glass, aluminum, polyethylene terephthalate, leaf
litter, and cardboard) incubated in the river, pond and artificial recirculating laboratory
stream were well differentiated from each other, and there were significant differences in
the microbial composition of biofilms depending on sites, but there were no differences in
the microbial composition of biofilm developed on plastic in comparison with other solid
substrates. Dominant bacterial phyla for all biofilms were the same, namely, Proteobacteria,
Bacteroidetes, Firmicutes and Verrucomicrobia. However, river biofilms had higher relative
abundances of the phylum Acidobacteria and the genera Nitrospira and lower relative
abundances of Proteobacteria; meanwhile the biofilms formed in ponds had significantly
higher relative abundances of the phyla Proteobacteria, Firmicutes and Chloroflexi. Higher
relative abundance of the families Burkholderiaceae, Nitrospiraceae and Nitrosomonadaceae
and lower abundance of the family Erythrobacteraceae was observed in the river biofilms.

There are only a few reports about the presence of fungi in biofilms of microplastic
in water systems. Species form fungal phylum Ascomycota were found on plastic debris
in marine environments [75]. Members of Chytridiomycota, Cryptomycota and Ascomycota
dominated in community composition of fungi found on the surface of polyethylene (PE)
and polystyrene (PS) particles, which were incubated in different aquatic systems including
sea, river, and a wastewater treatment plant [76]. So, the role of fungi in microplastic
biofilms is one of the topics for future study.

Additionally, formation of biofilm could lead to change of distribution of microplastics
in the water column. So, biofilms covered microplastic particles of polyethylene terephtha-
late (PET) and polyvinyl chloride (PVC) being placed for 44 days in freshwater systems
contained different biomass levels, and increased MPs density which, supposedly, can
change MPs particles buoyancy, and stimulate their sinking and transport behavior [77]. A
possible influence of biofilm formation on change of polyethylene density and sinking in
coastal waters of the North Sea was also shown [78]. However, the authors suggested that
formation of bacterial biofilms is not sufficient to induce sinking of microplastic, and only
the presence of multicellular organisms can cause sinking of plastic pieces.

The difference between freshwater and marine habitats may play an important role in
formation and activities of the microbial biofilm community on microplastics floating in
water bodies. However, there is no systematic study to compare microbial communities
of microplastic biofilm in different surroundings. Plastic having a long life in comparison
with natural surfaces might transport biofilms for long distances [74]. Wind, current, water
movement, and weather conditions also affect movement of MPs with adsorbed microbial
cells, so, MPs may play the role of vectors for microorganism’s distribution.

4. Microplastics for Human and Animal Pathogens Colonization

It was suggested that drifting plastic debris is a potential vector for spreading of a
harmful microalga [79]. A similar question applies to the role of microplastics in rela-
tion to microorganisms. It is considered that microorganisms in microplastic-associated
biofilms have an important role in pathogens transfer. The microbial biofilm formed on
microplastics particles is called “plastisphere”, a term which was proposed by E. Zettler
with coauthors [80]. Plastisphere in ocean water had in its composition mainly members of
the phylum Proteobacteria (31–45%) which may include pathogenic species [81]. Potentially
pathogenic Vibrio spp., Gram-negative bacteria, facultative anaerobes, typically living in
saline environment, several species of which could cause foodborne diseases to animals
and humans, have been detected on the polypropylene debris from the North Atlantic [80]
and on the floating microplastic particles (polyethylene, polypropylene and polystyrene)
in the North and Baltic Sea [82]. It was found that bacteria from the family Burkholderiaceae
were present in the biofilms covered polyethylene terephthalate placed in the river [74].
The amount of bacteria from order Burkholderiales was much higher on plastic particles
such as polyethylene, polypropylene and polystyrene than on natural and inert substrates
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placed in ambient Baltic bacterioplankton for 2 weeks [83]. Meanwhile some strains from
the genus Burkholderia are opportunistic pathogens of humans [84].

Biofilm-coated microplastics which have taste, smell, color, and have a size similar to
plankton, are attractive for consumption by aquatic animals especially if food resources
in the surrounding environment are scarce [85]. A lot of marine species are harmed and
even killed by using plastic debris which poses a threat to their survival. Additionally,
microorganisms including pathogens are concentrated on plastic particles, and consump-
tion of such litters could infect the host. A plastic particle consumed by ocean habitat
passes through its gut remaining intact and being excreted serves as a source of nutrients
to microbiota of biofilm covered the plastic debris including the opportunistic pathogens
such as Vibrio spp., that survive in the animal digestive tract [78]. Disposal waters from
wastewater treatment plants could be another source of potential pathogens to freshwater
bodies [86]. It was shown that microplastic could be carriers of Vibrio in waters with
salinity even higher than 26% which poses a risk for marine environments [87]. Bacterial
assemblages colonizing microplastic within the river included plastic decomposing or-
ganisms and pathogens [73]. Members of the family Campylobacteraceae, microaerophilic
Gram-negative bacteria, which can be causative agents of enteritis in humans were found
on microplastics in the river in Chicago, USA [77]. Analysis of biofilms of food-related
marine macroplastic litter collected from zone of the shoreline on the Northern Ireland
that was above water at low tide and underwater at high tide, showed the presence of
such Gram-negative potential pathogenic bacteria: Achromobacter xylosoxidans (agent of
respiratory infections); Aeromonas salmonicida sp. salmonicida (pathogen in cultured and
wild salmonid causing furunculosis); Erwinia rhapontici (an opportunistic plant pathogen);
Lelliottia amnigena (infrequent opportunistic in humans causing urinary tract infection);
Neisseria flava, N. perflava, N. subflava (rare opportunistic pathogens of humans); Pantoea ag-
glomerans (plant pathogen and opportunistic human pathogen); Providencia rettgeri (urinary
tract and eye infections); Pseudomonas fluorescens (rare affects patients with compromised
immune systems); Ps. chlororaphis (rarely pathogenic); Ps. oleovorans (rarely pathogenic); Ps.
viridiflava (plant pathogen); Rahnella aquatilis (a causal agent of bacteremia in humans), and
Serratia fontic (cause of skin and soft tissue infections) [88]. These bacteria strains belonging
to ten bacterial genera and thirteen species showed high resistance to the beta-lactam
antibiotics (ampicillin, ceftazidime and cefpodoxime) (98.1% resistant) and least resistance
to the tetracycline group, minocycline (16.1% resistant) [88]. Thus, among the bacterial
species in the microbial community attached to plastic particles, antibiotic-resistant ones
could be present. So, these authors conclude that microplastic is the potential threat for the
environment, being a means for spreading pathogens into new areas [73,82].

However, there is another point of view on this problem. No higher content of
potential pathogens in biofilms covered polystyrene and polyethylene microplastic parti-
cles compared to biofilm communities of wood pellets was observed, and it was shown
that wooden particles and other natural materials were colonized by Vibrio bacteria even
much higher than microplastics [86]. These authors considered that the majority of mi-
croorganisms forming the plastisphere are opportunistic colonists, so, their abilities to
attach artificial and natural substrates do not differ significantly, and microplastics do not
represent a higher threat to surrounding environment than natural particles as possible
carriers of potential harmful microorganisms [89]. Studies of bacterial assemblages on
polystyrene (PS) comparable with these on glass beads passed through the digestive tract
of the lugworm Arenicola marina did not show a distinct enrichment of potential pathogens
on PS [90] and no difference in the taxonomic composition of the biofilms on polyamide
and chitin after their passage through the gut of the blue mussel Mytilus edulis and not the
presence of potential pathogens exclusively on plastic was observed [91]. However, in the
areas highly contaminated with microplastics, unpredictable effects on ecosystems may be
observed, such as a strong negative impact on marine inhabitants leading to accumulation
of microplastic in fish and sea salt.
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5. Wastewater Treatment Plant Effluent as a Point Source of Microplastic

According to the role of effluents from wastewater treatment plants (WWTPs) in
the transportation of sewage-treated microorganisms into the water environment, there
are different positions. It was shown that wastewater treatment plant effluent can be a
source of microplastic [73,92]. In experimental studies of McCormick with co-authors [73]
microplastic was collected from a river not far from the point where not disinfected
effluent from activated sludge plant-treated domestic water was released. It was found
that microplastic was covered with dense microbial biofilm, but microscopic study showed
the absence of fungal hyphae or algal cells in it. Taxonomic composition of bacterial
assemblages covered microplastic differed from those from suspended organic substances
and the water column. Bacterial assemblages from microplastic biofilm were less diverse,
and pathogens as well as plastic degrading bacteria were more abundant in it.

Microplastics enter WWTPs with influent and exit in sludge or effluent. It was shown
for two wastewater treatment plants that microplastic from influent was accumulated in
sludge (>99%), and microplastic from sludge had a more diverse spectrum of bacteria
species [93,94]. Microplastic from effluent was characterized also by the presence of
opportunistic pathogenic bacteria belonging to the genus Acinetobacter, and bacteria was
the genera Pseudomonas and Sphingomonas which are considered to be capable of degrading
plastic. The authors showed that biofilms on microplastics within sewage have more
diverse bacterial assemblages, so WWTPs can be a source of sewage-related microorganisms
entered with MPs into the environment. It agrees with the results published [73,89]. Since
then, MPs from WWTPs and MPs passing through the guts of aquatic organisms have been
hypothesized to play a particular role as vectors for pathogenic microorganisms [59,73].

Biofilms on polyethylene (PE) and polystyrene (PS) samples of microplastic placed
in estuary river close to the discharge of effluent from WWTP contained bacteria from
the family Enterobacteriaceae [86] that include several potentially pathogenic genera [95].
It was found that content of certain types of bacteria could be associated with its content
in the surrounding environment, so, the highest relative abundance of Enterobacteriaceae
in biofilms of polystyrene microparticles in water samples with higher abundances of
this family [86,95]. The amount of fecal indicator bacteria (Escherichia coli and Enterococci)
in the biofilm colonizing polyethylene microplastic were proportionally higher in the
environment influenced by sewage discharge [96]. However, it was found that only the
low number of potential pathogens were attached to the microplastic particles and relative
abundances of Enterobacteriaceae on microplastic were significantly lower in comparison
with the surrounding water communities. So, no enrichment with potential pathogens on
microplastic particles was observed. However, authors concluded that due to constant
long-term discharge of effluent from wastewater treatment plants into freshwater systems,
attention should be given to possible increase of levels of microbial pollution [86].

6. Factors Influencing the Microbial Composition of Plastisphere

Once in the aquatic environment, the microplastics become the object for microbial
colonization and biofilm development. At the present time there is no clear understanding
of what and how different factors affect the composition of biofilms and their function.
We shall try to briefly summarize what is known. It was shown that the structure and
taxonomic composition of microbial communities on plastic debris depend on plastic
material, geographical location and season [59].

Factor 1. Geographic origins. Geographical location has a significant influence on the
microbial composition of “Plastisphere”. It was shown that bacterial communities of plastic
samples from the North Pacific and North Atlantic subtropical gyres differed between
ocean basins [78]. Study of composition of microbial communities from the surfaces
of polypropylene and polyvinyl chloride microplastics being incubated for one year in
seawater in China showed significant differences depending on geographical locations.



Appl. Sci. 2021, 11, 11692 10 of 19

Factor 2. Location of plastic in the water body. Composition of marine plastic bacterial
communities showed a great variability depending on plastic locations (sediment, seawater,
and resin pellets sampled on the beach) across the Belgian part of the North Sea [97].

Factor 3. Surrounding Environment and seasonal variation. Such factors as salinity and
nutrient concentration affect biofilm formation and microbial composition [78,89]. Salinity
is considered to be the most essential factor affecting bacterial diversity in the biofilms
developed on microplastic particles [87]. Low nutrient levels trigger the attachment to
surfaces in many bacterial species, while under high nutrient levels biofilm formation
seems less advantageous [98]. The temperature of water obviously plays an important
role in formation of the “Plastisphere”, as well as oxygen content in the surrounding
environment [99]. It was found that microbial communities on fragments of polyethylene
terephthalate bottles in the North Sea (UK) varied from season and location [59,70].

Factor 4. Plastic properties. Physical characteristics of plastic such as density play an
important role in its ability to float on the water surface and vertical distribution in the water
column. Microplastics with density lower than the density of water are floating on the water
surface and could be displaced over long distances; meanwhile microplastics particles
with a density higher than the density of water sink in the water column and distribute
attached microorganisms in the bulk water. The hydrophobic surface of plastic and its long
half-life make it an attractive substrate for microbial colonization [80]. Microplastic has
a large specific surface area that enhances microbial cells adhesion on it. Composition of
microbial communities depends on the composition of the polymer type they colonize.
Significant differences in the community composition of biofilms formed on polyethylene
in comparison with polypropylene and polystyrene floating in the Mediterranean Sea
were found [71]. It was shown that bacterial communities of biofilm on polystyrene had
different bacterial communities than polyethylene and propylene [100]. The same results
were obtained previously by Amaral-Zettler with co-authors, who found considerable
differences in composition of bacterial communities between polystyrene and polyethylene
and between polystyrene and polypropylene [78]. Similar results were obtained by Li and
co-authors [87] showed selectiveness of bacterial genera to colonize different types of
microplastics such as polyvinyl chloride, polypropylene, polyethylene, polystyrene, and
polyurethane. The difference between microbial communities of the biofilms from plastic
materials such as polyethylene, polypropylene and polystyrene, native material cellulose
and inert glass beads particles placed in ambient Baltic bacterioplankton for 2 weeks
was shown [83]. Amount of bacteria from order Burkholderiales was twice higher on
plastics, meanwhile the amount of bacteria from genera of Actinobacteria and Cytophagia was
much higher on non-plastic materials. Analysis of the presence of pathogenic bacteria in
polyethylene terephthalate (PET), polyethylene (PE), and polypropylene (PP) microplastics-
associated communities showed their higher on PET, especially potentially pathogenic
members of Vibrio, Tenacibaculum, and Escherichia [101].

Transportation and release of microplastics with ballast water may be a serious threat
posed by potential pathogens occurring in MPs plastisphere. Firstly, ships’ ballast water
could contain bacterial species which are alien or opportunistic pathogens and, in the case
of uncontrolled discharge of such water in coastal areas, undesirable microorganisms could
be released in the local environment. It was reported that ballast water contained from
0.7 to 39.5% of eubacteria, from 0 to 2.5% of enterobacteria, from 0.2 to 35.8% of Vibrio
spp., and from 0 to 2.5% of Escherichia coli from total number of bacterial cells [92]. So,
during transportation in the presence of microplastic particles these bacteria could become
part of the community of the plastisphere, and their number may increase significantly.
Secondly, ballast water transports microplastics with biofilms across different world areas,
and incidences of bacterial infections may occur in the recipient country [93].

The hydrophobicity of the substrate surface had a great influence on community
structure. The ability of bacterial cells to attach to plastic depends on its structure, level
of roughness, and the presence of hydrophilic groups on the structure of the polymer
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surface [63,102,103]. It was found the positive correlation between hydrophobicity of
polymethacrylates and bacterial adhesion [98].

Evaluation of the influence of size (diameter 3 mm and 100 µm) and shape (spherical
or irregular) polyethylene and polylactide acid microplastics submerged in sea water
for 2 months showed the absence of differences in abundance and diversity in microbial
communities, but had an effect on bacterial activity. The higher activity was detected in the
biofilm with size 100 µm [104]. It was suggested that bacterial colonization may depend on
such intrinsic plastic properties such as pigment content [99].

7. Role Microorganisms of Degradation of Plastic

It is known that most plastics are non-biodegradable. For example, the biodegradation
of polythene bags consisted of just 4.2% after 9 months of incubation in mangrove soil,
and microbial species involved in the process of biodegradation were representatives
of bacterial genera Streptococcus, Staphylococcus, Micrococcus, Moraxella, and Pseudomonas
and fungal species of the genus Aspergillus [105]. Plastic is considered as non-degradable
material due to (1) high molecular weight which makes impossible transportation of large
molecules through the cell membrane of microorganisms; (2) high hydrophobicity which
prevent attachment of microbial cells to hydrophilic surfaces; (3) lack of proper functional
groups [63,106].

Although many recent studies have focused on the microbial biodegradation of mi-
croplastic in water, there are no positive results proving participation of marine microorgan-
isms in this process. However, it was found that sequences from such bacterial genera as
Klebsiella, Pseudomonas and Sphingomonas were more abundant in biofilm on microplastic in
effluent from WWTP than in sewage, so it can be due to the ability of these microorganism
to use microplastics as growth substrates which leads to their degradation [94]. Thus,
sequences from the genus Sphingomonas were 10-fold more abundant on microplastic taken
from effluent compared to microplastic found in sewage. Meanwhile, bacteria from the
genus Sphingomonas can degrade plastic. Sphingomonas paucimobilis isolated from Lake
Nakuru, Kenya, degrade polythene and plastics, 37.5% and 17.5%, respectively, after ninety
days of degradation [107]. However, several recent studies showed that some bacteria and
fungi are capable of degrading certain types of plastic. It was reported that bacterial strain
with high cell-surface hydrophobicity Rhodococcus ruber C208 can degrade polyethylene
film up to 8%, and the addition of mineral oil increased biodegradation by about 50% [108].

Some authors reported that microorganisms capable of decomposition and consuming
inert materials which are very difficult to degrade in the environment could be found
in the biofilms on microplastic particles. Thus, microorganisms capable of degrading
hydrocarbons with the content up to 17% were found in the biofilms on polypropylene,
and polystyrene microplastic particles in the Mediterranean Sea [71]. Microorganisms
able to degrade lignin were found in biofilms covered with microplastic particles [70,83].
Very often bacteria capable of degrading hydrocarbon contaminants were present in the
microbial communities attached to MRs. Several hydrocarbon-degrading bacteria were
identified in the plastisphere of plastic marine debris collected in the North Atlantic [80].
Bacteria of genera Arcobacter and Colwellia which degrade hydrocarbon contaminants
within low-temperature marine environments were detected on low-density polyethylene
microplastics [108]. Bacteria from the genus Oleibacter were found to be dominated among
microbial communities in microplastic biofilm [67]; meanwhile it is known that this genus
includes species capable of degrading hydrocarbons [109,110].

Biofilm of microplastic from effluent of WWTP had more representatives of genera
Klebsiella, Pseudomonas, and Sphingomonas compared to influent microplastic [94]. Mean-
while, it was found that Pseudomonas and Sphingomonas strains are capable of degrading
polycyclic aromatic hydrocarbons [111]; strain Sphingomonas paucimobilis Sy isolated from
mangrove sediment degrades dimethyl terephthalate that is used in the manufacturing
of polyethylene terephthalate (PET) [112], and bacterial strain Klebsiella pneumoniae was
able to degrade high-density polyethylene (HDPE) [113]. The bacterial genus Erythrobacter,
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known for the ability to utilize polycyclic aromatic hydrocarbons, was found on microplas-
tics [86]. So, the possibility of specific selection of bacterial strains able to break down the
microplastic and use it as a source of nutrients in microplastic-associated assemblages was
suggested [94]. The data according to occurrence of bacteria belonging to some genera and
families in the biofilms covered microplastics which were found in different geographic
zones, and the ability of representatives of these genera and families to biodegrade plastic
materials or hydrocarbons, are shown in Table 2.

Table 2. Microorganisms found abundant on microplastics and the ability of representatives of these genera to degrade
plastic or hydrocarbons.

Microorganisms
Belonging To

Type of Plastic,
Location Ref. Microorganisms

Belonging To
Degrade Plastics or

Hydrocarbons Ref.

Pseudomonas MP, WWTP, Illinois, USA [94] Pseudomonas PAHs [111]
Pseudomonas sp. acryl Pseudomonas PE [114]

Pseudomonas MP, river, Chicago, USA [73] Pseudomonas Polyester [115]

Pseudomonas cepacia PE, Ps, Lake Nakuru,
Kenya [107] Pseudomonas cepacia Plastic [107]

Pseudomonas PVC, water from Haihe
River, China [116] Pseudomonas aeruginosa PET, PS [117]

Pseudomonas MP, the Singapore Strait [118] Pseudomonas aeruginosa PE [119]
Pseudomonas PE, PS, Baltic Sea [120] Pseudomonas fluorescens PE [121]
Sphingomonas MP, WWTP, Illinois, USA [94] Sphingomonas DMT [112]
Sphingomonas
paucimobilis

PE, Ps, Lake Nakuru,
Kenya [107] Sphingomonas

paucimobilis Ps, PE [107]

Sphingomonadaceae PE, PS, Baltic Sea [120] Sphingomonadaceae hydrocarbons [122]

Erythrobacter PS, PE,
Baltic Sea [86] Erythrobacter PAHs [123]

Erythrobacter Ps,
Mediterranean Sea [89,124] Erythrobacter hydrocarbons [125]

Erythrobacter MP, the Singapore Strait [118] Erythrobacter hydrocarbons [118]
Hyphomonadaceae Ps, the North Atlantic [80] Hyphomonadaceae hydrocarbons [126]

Klebsiella MP, WWTP, Illinois, USA [94] Klebsiella pneumoniae HDPE [113]

Rhodobacteraceae Ps, North Atlantic [80] Rhodococcus
ruber PE [127]

Rhodobacteraceae Ps,
North Sea [75] Rhodobacteraceae hydrocarbons [128]

Rhodobacterales PVC,
Pacific Ocean [129] Rhodococcus

ruber PS [130]

Rhodobacteraceae PE, PP, PS, Mediterranean
Sea [71] Rhodococcus ruber C208 PE [108]

Alcaligenes sp. PE, Ps, Lake Nakuru,
Kenya [107] Alcaligenes sp. PE [107]

Alcaligenes faecalis Polymeric materials,
WWTP [131] Alcaligenes faecalis PCL [132]

Oleibacter Ps, coastal marine [67] Oleibacter hydrocarbons [109,110]

Arcobacter LDPE, Humber
Estuary, UK [97] Arcobacter hydrocarbons [133]

Colwellia LDPE, Humber
Estuary, UK [97] Colwellia hydrocarbons [128,134]

Arthrobacter sp. LDPE,
Caribbean Sea [81] Arthrobacter sp. LDPE, HDPE [135,136]

MP—microplastics; Ps—plastics; PE—polyethylene (polythene); PP—polypropylene, PS—polystyrene; PET—polyethylene terephthalate;
PVC—polyvinyl chloride; DMT—dimethyl terephthalate; PAHs—polycyclic aromatic hydrocarbons; PCL—polycaprolactone; LDPE—low-
density polyethylene microplastics; HDPE—high- density polyethylene microplastics.

An interesting fact is that marine deuteromycete Zalerion maritimum can use polyethy-
lene as substrate and has been considered as a potential biodegrader [137].
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8. Risk of Microplastic for Animals and Humans

Role of microplastic in marine life and its impact on marine inhabitants has been
intensively studied during recent years, however a restricted amount of research is done to
investigate microplastic impact on human health. It was estimated that humans consume
several milligrams of microplastic daily, which consist of up to millions of MP particles
a year [138]. Drinking water which comes from freshwater natural resources containing
microplastic particles is a source of this contaminant in the human diet, because treatment
of water with coagulation-flocculation processes removes only up to 88% of MPs [139]. Tap
water in China contains microplastic particles, mostly polyethylene and polypropylene,
from 440 ± 275 particles/L [140]. Analysis for microplastic of water taken from different
natural water sources showed that its content ranged from 1473 to 3605 particles in 1 L, and
MPs content in the treated drinking water varied from 338 to 628 particles in 1 L [139]. PET
(polyethylene terephthalate), PP (polypropylene) and PE (polyethylene) consisted of 70%
of the total microplastics amount. Generally, microplastics and nanoplastics can enter the
human body by indigestion, inhalation and through contact with skin [25]. It was evaluated
that one person consumes between 39,000 and 52,000 particles of microplastic with food
annually [141], and the consumption of sea food containing microplastic contributes in
these numbers.

Microplastic is consumed by various marine organisms from zooplankton to higher
trophic levels (fish and marine mammals) and from contaminated prey to predators [142,143].
Trophic transfer, bioaccumulation and biomagnification of microplastic in seafood create a
real way for intake of MRs by humans. Plastic debris has been found in fishes, shellfish,
mussels and cockles designated for human consumption [144–148].

A lot of microplastic is found in sea salt. The authors [149] proposed to consider
sea salt to be an indicator of microplastic pollution of the environment and showed the
presence of microplastic particles ranging from 0 to 1674 n/kg in 28 sea salt brands from
16 countries/regions on six continents. The microplastic content, mainly polyethylene
terephthalate, polyethylene, and cellophane, in sea salts was from 550 to 681 particles/kg
and from 43 to 364 particles in lake salts from supermarkets throughout China [64].

Effects of microplastic consumption on human health are still not well known and
need to be investigated. At the present time there is no scientifically proven data that
microplastics impact human health. However, the removal of microplastic from organisms
is difficult and MPs particles can be accumulated [149]. It is considered that microplastic
being consumed by humans can cause inflammation of the gastrointestinal system and in
cases when MPs particles serve as carrier for environmental chemicals it can cause toxic
effects and organ damage. The presence of microplastics in a human’s body will increase
the risk of cancer [82]. However, only microplastics particles with a size of less than 20 µm
are capable of penetrating organs and particles with size less than 10 µm could access all
organs and cross cell membranes [150,151].

9. Conclusions

The majority of microplastics (MPs), for example, polyethylene, polypropylene,
polystyrene and others are accumulated in the upper layers of natural waters due to
their low density where they can interact with bacteria inhabiting the bacterioneuston
as well as natural organic matter. Bacterioneuston, a thin surface film between the atmo-
sphere and the underlying layers of water in aquatic ecosystems, is characterized by a
much higher concentration of bacteria, including pathogenic ones, than the bulk of wa-
ter. Currently, bacterioneuston and microbial fouling processes of microplastics are being
studied independently of each other, while the effect of the bacterioneuston composition
on the composition of microplastics microbial assembling is obvious. Bacterioneuston
interaction with microplastic can be considered as a key step, influencing the interaction of
microplastic particles with environmental pollutants as well as the fate of plastic particles,
at first changing their surface properties and disintegration. Thus, a prospective direction
of future research includes study of impacts of natural organic matter in microbial life
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on the surface of microplastic particles which can help to understand their role in the
environment and their interaction with other pollutants.
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